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Abstract
We report thermal expansion measurements on Ca(Fe1−xCox)2As2 single crystals with different
thermal treatment, with samples chosen to represent four different ground states observed in this
family. For all samples thermal expansion is anisotropic with different signs of the in-plane and
c-axis thermal expansion coefficients in the high temperature, tetragonal phase. The features in
thermal expansion associated with the phase transitions are of opposite signs as well, pointing
to a different response of transition temperatures to the in-plane and the c-axis stress. These
features, and consequently the inferred pressure derivatives, are very large, clearly and substantially
exceeding those in the Ba(Fe1−xCox)2As2 family. For all transitions the c-axis response is dominant.
PACS numbers: 74.70.Xa, 65.40.De, 74.25.Dw, 75.30.Kz
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I. INTRODUCTION
Of many iron-arsenide based superconductors,1–4 members of the AFe2As2 (A = Ba, Sr,
Ca, Eu, ...)5–7 family have become model systems to study magnetism, superconductivity
and their interplay in these new superconductors. In the AFe2As2 family, and most probably
throughout all iron-arsenide based superconductors and their parent compounds, CaFe2As2
(i) provides an extreme example of the strongly coupled structural and magnetic phase
transitions8,9, and (ii) demonstrates extreme sensitivity to the pressure or stress.9–16 This
extreme sensitivity to pressure allows a sample to be tuned from an antiferromagnetic,
orthorhombic ground state to non-moment bearing, collapsed tetragonal one by applying just
few kilobars of pressure.9 Additionally, if a non-hydrostatic pressure component is present in
the experiment, a (in many cases filamentary) superconducting phase can be detected10,14–17,
that is probably associated with a non-collapsed tetragonal phase being stabilized as part of
a mixture of several crystallographic phases in a CaFe2As2 sample at low temperatures.
16.
Recently, the collapsed tetragonal phase and bulk superconductivity were induced in
CaFe2As2 at ambient pressure by manipulation of nanoscale precipitates through judicious
annealing and quenching, combined with cobalt substitution in place of iron.18,19 The ef-
fects of annealing and quenching were shown to be similar to those of the pressure.18–20
It was suggested that the annealing and quenching process, via the precipitates, controls
the amount of strain built up in the samples and this way acts similarly to a moderate
applied external pressure. It was shown19 that by careful choice of Co - concentration and
annealing and quenching parameters, the Ca(Fe1−xCox)2As2 system can by systematically
and reproducibly tuned to have one of four different ground states: orthorhombic and an-
tiferromagnetic, tetragonal and superconducting, tetragonal and non-superconducting, and
collapsed tetragonal without magnetic order or superconductivity. The equivalence between
annealing and quenching and pressure was explored further in Ref. [20], where three dif-
ferent low temperature phases were observed in one sample on application of a moderate
hydrostatic pressure, below 3 kbar, and record-high in their absolute values, for inorganic
compounds, pressure derivatives of the Ne´el temperature (TN), superconducting transition
temperature (Tc), and structural transition temperature to the collapsed tetragonal phase
(TcT ), were measured.
Thermal expansion measurements were performed on pure, Sn - grown, CaFe2As2
21 and
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several other iron-arsenide based superconductors. Exceptionally large, negative thermal ex-
pansion was recently observed in La - doped CaFe2As2.
22 Carefully controlled annealing and
quenching in the Ca(Fe1−xCox)2As2 system opens opportunities for the measurements that
are either impossible or difficult to perform under pressure. In addition, such samples offer
a clear comparison to the Ba(Fe1−xCox)2As2 materials (with their greatly reduced, or more
usual, pressure sensitivities).23 In this work we report thermal expansion measurements on
a number of Ca(Fe1−xCox)2As2 samples that cover all salient parts of the three-dimensional
T − x − Tanneal/quench phase diagram from Ref. [19] with different low temperature states.
Generally speaking, thermal expansion measurements in this system reveal the evolution
of the phase transitions with doping and thermal treatment and allow for the evaluation
of (inferred through the Ehrenfest and Clausius - Clapeyron relations for the second and
first order phase transitions, respectively) anisotropic, uniaxial pressure derivatives of dif-
ferent phase transitions observed in this system. The latter is of particular interest given
the reported, large overall pressure dependences and high sensitivity to non-hydrostaticity
for these samples.
II. EXPERIMENTAL DETAILS
The single crystals of Ca(Fe1−xCox)2As2 were grown out of a FeAs/CoAs flux using con-
ventional high temperature growth techniques. Details of growth, annealing and quenching
procedures as well as basic physical properties are described in extensive detail in Refs.
[18,19]. The actual cobalt concentrations were determined using a wavelength-dispersive x-
ray spectroscopy, these experimental concentration values are used in the text. The samples
used in this work are either from exactly the batches studied in Refs. [18,19], or from very
similarly grown and thermally treated batches.
Thermal expansion data were obtained using a capacitive dilatometer constructed of
OFHC copper; a detailed description of the dilatometer is presented elsewhere.24 The
dilatometer was mounted in a Quantum Design Physical Property Measurement System,
PPMS-14, instrument and was operated over a temperature range of 1.8 - 300 K. Due to
the morphology of the crystals, for most of the samples the dilation was measured only
along the c-axis. For selected samples the dilation in the ab-plane was measured as well. In
those cases arbitrary in-plane orientations were used. The data were collected on warming.
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The heat capacity was measured using a hybrid adiabatic relaxation technique of the heat
capacity option in a Quantum Design, PPMS-14 instrument.
The choice of visually uniform samples and using only mild polishing and small forces
in the dilatometer allowed us to perform measurements through the strongly first order
structural transitions without destruction of the samples. In some cases though the first
order transition was observed as two, closely spaced, sharp steps in thermal dilation (shown
as two symbols for the same concentration in the x− T phase diagram, see below, inset to
Fig. 1(b)).
III. RESULTS
A. As grown Ca(Fe1−xCox)2As2
The data in Ref. [19] suggest that as-grown (Tanneal/quench = 960
◦ C) Ca(Fe1−xCox)2As2
(x ≤ 0.059) samples all have transition from room-temperature tetragonal to low-
temperature collapsed tetragonal phase. Magnetization measurements show the TcT value
to be practically temperature-independent, with the width of the transition increasing with
Co-concentration. Resistance measurements suffered from cracking of the samples on go-
ing through the structural transition for x ≤ 0.22 and had no discernible features for
0.28 ≤ x ≤ 0.059.19.
Temperature-dependent c-axis dilation data of as-grown Ca(Fe1−xCox)2As2 (x ≤ 0.059)
are shown in Fig. 1(a). The overall relative change of the c-axis lengths appears to be
essentially Co-concentration independent, amounting to [c(1.8 K) − c(300 K)]/c(300 K) ∼
−0.06, of which 30 - 40 % being associated with the transition to the collapsed tetragonal
phase. The sharpness of the transitions, at least for lower Co - concentrations, is consistent
with them being the first order. As consistent with with the magnetization measurements,19
the transition temperature does not change significantly with Co - substitution, but the
width of the transition increases (Fig. 2(b)). The c-axis thermal expansion coefficients above
the structural transition to the collapsed tetragonal phase are fairly independent of the cobalt
concentration. Results for x = 0 and x = 0.059 obtained using temperature-dependent single
crystal x-ray diffraction19 are fairly consistent with the dilation data presented here.
For as grown (Tanneal/quench = 960
◦ C), pure CaFe2As2, anisotropic thermal expansion
4
was measured (Fig. 2). The thermal expansion is very anisotropic, over the whole temper-
ature range (1.8 - 300 K) in-plane thermal expansion coefficient, αab, is negative and c-axis
coefficient, αc, is positive. There is a significant change of the lattice parameters on the
transition from the tetragonal to the collapsed tetragonal phase: the a - lattice parameter
increases by ∼ 0.75% and c lattice parameter decreases by ∼ 2.8%. These values as well as
the temperature dependences of the lattice parameters are consistent with the single crystal
x-ray diffraction data.19
B. Ca(Fe0.977Co0.023)2As2 with different thermal treatment
The second set of samples chosen for the c-axis thermal expansion measurements is the
Ca(Fe0.977Co0.023)2As2 that is annealed for 7 days at different temperatures, from 350
◦ C to
960◦ C and then quenched (note, that 960◦ C annealing refers to as grown sample, see Refs.
[18,19]). This cut of the three-dimensional T − x − Tanneal/quench phase diagram allows for
access to three different ground states: antiferromagnetic and orthorhombic, tetragonal and
superconducting, and non-moment bearing collapsed tetragonal (Fig. 3).
Fig. 4(a) presents c-axis, temperature-dependent, dilation of Ca(Fe0.977Co0.023)2As2 sam-
ples with different thermal treatments. The transitions from tetragonal to antiferromagnetic
and orthorhombic phase, and from tetragonal to collapsed tetragonal phase are clearly seen
in the c-axis dilation. The c-axis length for these two transitions changes in the opposite
way: it sharply increases at the former transition and decreases, even more dramatically,
at the latter. The antiferromagnetic and structural transition temperature decreases with
increase of the annealing temperature, in accordance to the data in Ref. [19], there is no
evidence of a split between antiferromagnetic and structural transitions, and the change in
the c-axis lattice parameter at this transition is rather large, ∼ 1−1.5%. The overall change
of the c-axis between 300 K and 1.8 K is around −1% for samples with antiferromagnetic and
orthorhombic ground state, ∼ −3% for the superconducting tetragonal sample and ∼ −6%
for the sample with the collapsed tetragonal ground state. The superconducting transition
is clearly seen (as a low temperature minimum) in the c-axis thermal expansion coefficient
(Fig. 4b).
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C. Ca(Fe1−xCox)2As2, x ≤ 0.058, annealed at 400
◦ C for 7 days
With the Ca(Fe1−xCox)2As2 (x ≤ 0.058) samples annealed at 400
◦ C for 7 days and then
quenched we can access antiferromagnetic and orthorhombic, tetragonal and superconduct-
ing, and tetragonal and paramagnetic (with no superconductivity or long range magnetic
order) ground states (Fig. 5). Temperature-dependent c-axis dilation and c-axis thermal
expansion coefficient for these samples are shown in Fig. 6. Step-like features associated
with coupled antiferromagnetic and structural transition are clearly seen for the samples
with x ≤ 0.027 in both dilation and thermal expansion coefficient. The sharpness of the
transition is consistent with it being the first order. Given that the data for x = 0 are com-
parable with the results for Sn flux grown CaFe2As2,
21 we conclude that small, coherent,
sub-micron crystallites of Fe-As18 appear to have no significant effect on the c-axis thermal
expansion. The characteristic temperatures of these features are consistent with the pub-
lished phase diagram.19 A change in the, otherwise smooth, temperature-dependent c-axis
dilation and thermal expansion coefficient of the Ca(Fe0.971Co0.029)2As2 sample at about 15
K is a signature of the superconducting transition. This clear feature strongly suggests that
superconductivity is bulk. Apart from this feature, samples with x = 0.029 and x = 0.058
behave essentially the same way.
For selected samples, with Co concentration of x = 0.027, x = 0.029, and x = 0.058,
annealed at 400◦ C for 7 days, anisotropic thermal expansion measurements were performed.
The results are shown in Figs. 7, 8. For all three samples thermal expansion is very
anisotropic, with in-plane thermal expansion coefficient being negative, and c-axis coefficient
being positive in the tetragonal phase (e.g. above antiferromagnetic and structural, or
superconducting transition).
For x = 0.027 sample the sharp jumps in thermal dilation associated with the antiferro-
magnetic and structural transition are of opposite signs. At the transition from tetragonal to
antiferromagnetic and orthorhombic phase, the average in-plane lattice parameter decreases
by ∼ 0.4% and the c-axis increases by ∼ 1.4%. (Note that due to existence of domains
in the antiferromagnetic and orthorhombic phase, for the in-plane direction we measure
an approximate average of a and b lattice parameters.) These changes are significant and
comparable (albeit smaller) in absolute values to the changes at transition to the collapsed
tetragonal phase, but are of the opposite signs (compare Fig. 2(a) and Fig. 7(a)).
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Thermal expansion coefficients of the samples with x = 0.029 and x = 0.058 (Fig. 8)
are very similar, except for the clear signatures of superconducting transition in the former.
These features are of the opposite sign for in-plane and c-axis directions. The apparent
difference in noise levels in the data for these two samples is probably caused by difference
in the samples’ dimensions and by digital differentiation procedure.
IV. DISCUSSION AND SUMMARY
For all samples studied in this work, thermal expansion in the tetragonal phase (above
the phase transitions) is very similar, with negative thermal expansion coefficients in the ab -
plane and positive, and of larger absolute value, along the c-axis, resulting in positive volume
thermal expansion coefficient. All phase transitions have large, clear features in thermal
expansion. No discernible splitting of the structural and antiferromagnetic transitions was
observed.
The superconducting transition observed in Ca(Fe0.971Co0.029)2As2, annealed at 400
◦ C for
7 days, is a second order phase transition, and we can infer the uniaxial pressure derivatives
of Tc using the Ehrenfest relation,
26 dTc/dpi =
Vm∆αiTc
∆Cp
, where Vm is the molar volume (Vm ≈
5.4 ·10−5 m3 for CaFe2As2, using the lattice parameters
8 at 300 K, can serve as a reasonable
approximation), ∆αi (i = a, c) is the jump in the thermal expansion coefficient at the phase
transition, and ∆Cp is the corresponding jump in the heat capacity. Anisotropic thermal
expansion coefficients and heat capacity at low temperatures, near the superconducting
transition for x = 0.029 sample are shown in Fig. 9. From these data the uniaxial pressure
derivatives can be inferred: dTc/dpa ≈ 7 K/kbar, and dTc/dpc ≈ −20 K/kbar, resulting a
rough estimate of the hydrostatic pressure derivative, dTc/dP ≈ 2 · dTc/dpa+ dTc/dpc ≈ −6
K/kbar. This dTc/dP value is close to that directly measured under hydrostatic pressure.
20
The dTc/dpc ≈ −20 K/kbar value is phenomenally large and provides further evidence of
the extreme pressure and stress sensitivity of these compounds.
Transitions from tetragonal to collapsed tetragonal phase and from tetragonal to antifer-
romagnetic and orthorhombic phase are believed to be the first order. In this case Clausius
- Clapeyron relation26 can be used to infer the uniaxiail pressure dependences of the crit-
ical temperatures: dTcrit/dpi =
Vm∆Li/Li
∆S
, where ∆Li/Li is a relative change of length in
the i-th direction at the transition and ∆S is the corresponding change of entropy. Of
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these parameters, ∆S is difficult to measure with a reasonable precision. To circumvent
this, we will use the experimentally measured values of hydrostatic dT expcrit/dP (from the
literature) and the relative change of volume at the transition (from this work, taken as
∆V/V ≈ 2 · ∆a/a + ∆c/c) to get an approximate value of ∆S, and then use this value
and our experimental data to infer the uniaxial pressure dependences. The results are pre-
sented in the Table I. The estimates for the changes of entropy through the first order phase
transitions, evaluated as outlined above, are ∆ScT ≈ 4 J/mol K, and ∆SAFM/ORTHO ≈ 0.3
J/mol K. This significantly reduced (∼ 3% of R ln 2 per Fe) value of the magnetic entropy
at TAFT/ORTHO (consistent with a very small features in heat capacity observed for these
transitions in cobalt-doped BaFe2As2
27) indicates reduced magnetic moments on Fe and a
dominance of an itinerant character of the magnetism in these materials.
TABLE I: Relative change of lattice parameters and uniaxial pressure derivatives
sample transition ∆a/a ∆c/c ∆V/V dT expcrit/dP , dTcrit/dpa, dTcrit/dpc,
K/kbar K/kbar K/kbar
x = 0, cT 0.75 · 10−2 −2.8 · 10−2 −1.3 · 10−2 ≈ 17 [10,13] ≈ −10 ≈ 37
as grown
x = 0.027, AFM/ORTHO −0.4 · 10−2 1.4 · 10−2 0.6 · 10−2 ≈ −110 [20] ≈ 75 ≈ −260
400◦C/7 days
The sign convention for the ∆Li/Li in the table is chosen as ∆Li = Li,low − Li,high,
where low and high are low and high temperature sides of the transition respectively. Even
though the inferred values of the uniaxial pressure derivatives might have a sizable, ∼ 20%
error bars, these do not obscure the main trends.
The results inferred from thermal expansion measurements for superconducting, antifer-
romagnetic and structural, and collapsed tetragonal phase transitions for Ca(Fe1−xCox)2As2
with different thermal treatment share the same trend. Not only, as reported in the
literature,20 are the hydrostatic pressure derivative of each of these transitions is very large,
approaching record values for inorganic compounds, but the uniaxial pressure derivatives
are extremely high as well, with opposite signs to pressure applied in-plane and along the
c - axis. For all three transitions the c-axis pressure derivative is dominant, exceeding in
8
its absolute value the in-plane derivative by factor of 3 - 3.5. and exceeding the hydrostatic
pressure derivative by factor of 2 - 3. This observation calls for detailed study of elastic
properties of these materials, their crystal structure and electronic properties. It should
be noted, though, that experimentally, this observation points to the need for extreme at-
tention to details (use of grease, glue, etc.) in sample mounting even for ambient pressure
measurements, since even small strains associated with differential thermal contraction on
cooling can be significant.28
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FIG. 1: (Color online) (a) The temperature-dependent change in c-axis dimension normal-
ized with respect to the 300 K value (∆c/c300 K = [c(T ) − c(300 K)]/c(300 K)) for as-grown
Ca(Fe1−xCox)2As2 (x ≤ 0.059). (b) Temperature-dependent c-axis thermal expansion coefficients,
αc for the same samples. Inset: temperature of the cT transition for samples with different cobalt
concentrations, as determined by position of the peaks in αc.
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FIG. 2: (Color online) (a) Temperature-dependent, anisotropic dilation with respect to 1.8 K
(∆Li/Li,1.8 K = [Li(T )−Li(1.8 K)]/Li(1.8 K)) of as-grown CaFe2As2; (b) temperature-dependent,
anisotropic thermal expansion coefficients, αi, of as-grown CaFe2As2.
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FIG. 3: (Color online) T −Tanneal/quench phase diagram for Ca(Fe0.977Co0.023)2As2 (after Ref. [19],
filled symbols). AFM/ORTHO, SC, and cT label antiferromagnetic and orthorhombic, tetragonal
and superconducting, and non-moment bearing collapsed tetragonal phases, respectively. Arrows
mark the concentrations used in this work and transition temperatures determined from the thermal
expansion data are shown as half - filled symbols.
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(∆c/c300 K = [c(T ) − c(300 K)]/c(300 K)) of Ca(Fe0.977Co0.023)2As2 with different thermal treat-
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superconducting, and collapsed tetragonal and paramagnetic phases, respectively. (b) Low tem-
perature, c-axis thermal expansion coefficient, αc, of Ca(Fe0.977Co0.023)2As2 annealed for 7 days at
500◦ C. Tc is approximately determined using the same criterion as in Ref. [25].
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FIG. 6: (Color online) (a) Temperature-dependent, c-axis dilation with respect to 300 K
(∆c/c300 K = [c(T ) − c(300 K)]/c(300 K)) of Ca(Fe1−xCox)2As2, x ≤ 0.058, annealed at 400
◦
C for 7 days. Inset: low temperature part of the data plotted with respect to the values at 1.8 K.
(b) Temperature-dependent, c-axis thermal expansion coefficients, αc, for the same samples.
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FIG. 7: (Color online) (a) Temperature-dependent, anisotropic dilation with respect to 1.8 K
(∆Li/Li,1.8 K = [Li(T )− Li(1.8 K)]/Li(1.8 K)) of Ca(Fe0.973Co0.027)2As2, annealed at 400
◦ C for
7 days; (b) temperature-dependent, anisotropic thermal expansion coefficients, αi, of the same
sample.
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FIG. 8: (Color online) Temperature-dependent, anisotropic thermal expansion coefficients, αi, of
(a) Ca(Fe0.971Co0.029)2As2, annealed at 400
◦ C for 7 days; (b) Ca(Fe0.942Co0.058)2As2, annealed at
400◦ C for 7 days.
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FIG. 9: (Color online) (a) Temperature-dependent, anisotropic thermal expansion coefficients, αi,
of Ca(Fe0.971Co0.029)2As2, annealed at 400
◦ C for 7 days below 50 K; (b) Heat capacity, plotted as
Cp/T of Ca(Fe0.971Co0.029)2As2, annealed at 400
◦ C for 7 days below 50 K.
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